Ocean acidification is the suite of chemical changes to the carbonate system of seawater as a consequence of anthropogenic carbon dioxide (CO2) emissions. Despite a growing body of evidences demonstrating the negative effects of ocean acidification on marine species, the consequences at the ecosystem level are still unclear. One factor limiting our ability to upscale from species to ecosystem is the poor mechanistic understanding of the functional consequences of the observed effects on organisms. This is particularly true in the context of species interactions. The aim of this work was to investigate the functional consequence of the exposure of a prey (the mussel Brachidontes pharaonis) to ocean acidification for both the prey and its predator (the crab Eriphia verrucosa). Mussels exposed to pH 7.5 for >4 weeks showed significant decreases in condition index and in mechanical properties (65% decrease in maximum breaking load) as compared with mussels acclimated to pH 8.0. This translated into negative consequences for the mussel in presence of the predator crab. The crab feeding efficiency increased through a significant 27% decrease in prey handling time when offered mussels acclimated to the lowest pH. The predator was also negatively impacted by the acclimation of the prey, probably as a consequence of a decreased food quality. When fed with prey acclimated under decreased pH for 3 months, crab assimilation efficiency significantly decreased by 30% and its growth rate was 5 times slower as compared with crab fed with mussels acclimated under high pH. Our results highlight the important to consider physiological endpoints in the context of species interactions.
Ocean acidification is the suite of chemical changes to the carbonate system of seawater as a consequence of anthropogenic carbon dioxide (CO2) emissions. Despite a growing body of evidences demonstrating the negative effects of ocean acidification on marine species, the consequences at the ecosystem level are still unclear. One factor limiting our ability to upscale from species to ecosystem is the poor mechanistic understanding of the functional consequences of the observed effects on organisms. This is particularly true in the context of species interactions. The aim of this work was to investigate the functional consequence of the exposure of a prey (the mussel Brachidontes pharaonis) to ocean acidification for both the prey and its predator (the crab Eriphia verrucosa). Mussels exposed to pH 7.5 for >4 weeks showed significant decreases in condition index and in mechanical properties (65% decrease in maximum breaking load) as compared with mussels acclimated to pH 8.0. This translated into negative consequences for the mussel in presence of the predator crab. The crab feeding efficiency increased through a significant 27% decrease in prey handling time when offered mussels acclimated to the lowest pH. The predator was also negatively impacted by the acclimation of the prey, probably as a consequence of a decreased food quality. When fed with prey acclimated under decreased pH for 3 months, crab assimilation efficiency significantly decreased by 30% and its growth rate was 5 times slower as compared with crab fed with mussels acclimated under high pH. Our results highlight the important to consider physiological endpoints in the context of species interactions. 25 evidences demonstrating the negative effects of ocean acidification on marine species, the 26 consequences at the ecosystem level are still unclear. One factor limiting our ability to upscale 27 from species to ecosystem is the poor mechanistic understanding of the functional consequences 28 of the observed effects on organisms. This is particularly true in the context of species 29 interactions. The aim of this work was to investigate the functional consequence of the exposure 30 of a prey (the mussel Brachidontes pharaonis) to ocean acidification for both the prey and its 31 predator (the crab Eriphia verrucosa). Mussels exposed to pH 7.5 for >4 weeks showed 32 significant decreases in condition index and in mechanical properties (65% decrease in 33 maximum breaking load) as compared with mussels acclimated to pH 8.0. This translated into 34 negative consequences for the mussel in presence of the predator crab. The crab feeding 35 efficiency increased through a significant 27% decrease in prey handling time when offered 36 mussels acclimated to the lowest pH. The predator was also negatively impacted by the 37 acclimation of the prey, probably as a consequence of a decreased food quality. When fed with 38 prey acclimated under decreased pH for 3 months, crab assimilation efficiency significantly 39 decreased by 30% and its growth rate was 5 times slower as compared with crab fed with 40 mussels acclimated under high pH. Our results highlight the important to consider physiological 41 endpoints in the context of species interactions. 61 Most published studies to date are focusing on single species responses with little consideration 62 for interspecific interactions. For example, the direct effect of ocean acidification on mussels has 63 been extensively studied with more than 40 studies published to date. A wide range of endpoints 64 and techniques were used and showed effects on growth, calcification, immune response, 65 physiology, behavior, etc. (e.g. Gazeau et al., 2013 114 To ensure that crabs encountered mussels before the experiment, both species were collected 115 from the same site. Crabs (Eriphia verrucosa, without eggs) and mussels (Brachidontes 116 pharaonis, size ranging between 18 and 29 mm) were sampled at low tide along a 3km transect 117 on the Vermetid reefs of Capo Gallo -Isola delle Femmine Marine Protected Area (LAT:
118 38°11'53.28"N; LONG: 13°14'34.84"E) in June 2012 (400 mussels, experiment #1) and March-119 June 2013 (45 crabs and 400 mussels, experiment #2 & #3). Animals were transferred to the 120 Laboratory of Experimental Ecology and Behaviour of the University of Palermo. Mussels were 121 divided into six 12L tanks and crabs into 12L tanks filled with 1L of water and stones covered 122 with white paper to avoid visual interference and filled with sea water at room temperature (18-123 20°C) and field salinity (38‰). Over the 10 days of laboratory acclimation, crabs were fed ad 124 libitum twice a day with the mussel B. pharaonis. Mussels were fed ad libitum with Isochrysis 125 galbana. Water was replaced every second days to avoid the accumulation of waste products. 126 Experimental design 127 Mussels were acclimated to two different nominal pH treatments: (i) pH 8.0, corresponding to 128 present average pH at the sampling site; and (ii) pH 7.5, deviating from present range of natural 129 variability and relevant for 2100 ocean acidification scenarios. pH was manually controlled 130 through monitoring of pH (Cyberscan pH meter 510, Eutech Instruments, calibrated on the NBS 131 scale) in 40L header tanks 8 times a day and injection of pure CO 2 directly into the aquarium 132 when required. Water from each header tank was distributed into three 12L aquariums. 133 Experiment #1 (2012-2013) 134 The impact of pH on growth rate was tested on mussels (collected in 2012) exposed to the two 135 nominal pHs for 50 weeks. Every week, total length (TL in mm), shell (SDW in g) and flesh dry 136 weight (FDW in g; 80°C for 24h) were measured in 5 mussels per pH treatment. The Body 137 Condition Index (BCI) was estimated as (Davenport and Chen 1987 140 The functional impact of exposure to pH was tested on mussels exposed to the two nominal pHs 155 which includes the breaking time, namely the time between picking up the prey and taking the 156 first bite (Rheinallt & Huges, 1985) , and the actual feeding action, called ingestion time. Time 157 was measured to the nearest 1s using a digital chronometer.
158
159 Experiment #3 (2013) 160 To evaluate the consequences of pH exposure of the prey (mussel) on the predator growth, 161 individual crab (5 per pH treatment) were fed for 3 months with mussels exposed to the two 162 nominal pH for >4 weeks. Twice a week, faeces were collected, washed 3 times with 0.5 M 163 ammonium formate (purest grade) and distilled water. They were then dried at 95°C for 24h, 164 weighted (dry weight, DW) and incinerated in a muffle furnace at 450°C for 4 h, and weighted 165 again (ash free dry weight, AFDW; Ezgeta-Balic et al., 2011, . The same 166 procedure was performed using 10 mussels from each pH treatment. Assimilation efficiency 167 (AE) was estimated according to Conover (1966) : where F is the ratio
168 between ash-free dry weight (AFDW) and dry weight ratio (DW) for the food (mussel), and E is 169 the same ratio for the faeces. Crab total wet weight (WW in gr) was also measured twice a week 170 and growth rate (gr day -1 ) was calculated for each individual as the coefficient of the significant 171 relationship between WW and time.
172
173 Carbonate chemistry 174 The carbonate system speciation (pCO 2 , Ωca and Ωar) was calculated from pH NBS , temperature, 175 salinity (38‰) and alkalinity (A T = 2.5 mM; Rivaro et al., 2010) using CO2SYS (Lewis and 176 Wallace, 1998) with dissociation constants from the study by Mehrbach et al. (1973) refitted by 177 Dickson & Millero (1987) . 297 consequences for higher trophic levels were not investigated so far. Our experiment was 298 designed to specifically test the impact of altered prey quality while exposed to decreased pH on 299 its predator (animal-animal trophic relationship). We showed that crabs fed with mussels 300 acclimated to ocean acidification had a 5 times slower growth rate and 30% decreased 301 assimilation efficiency growth rate as compared with crabs fed with mussels raised at higher pH. 302 As recently demonstrated by , a deficiency in the assimilation efficiency due to 303 alterations in the quality of the diet is a major bottleneck in the energy balance of the organisms. 304 They showed that only 7% of AE reduction is sufficient to significantly lower the magnitude of 305 life history traits such as fecundity.
306 Conclusions 307 Our results highlight the importance to consider both direct and indirect effects of ocean 308 acidification across trophic levels. We identified several key aspects of the prey-predator
